Non-small cell lung cancer, as the most frequent type lung cancer, has lower survival rate of 5 years, despite improvements in surgery and chemotherapy. Previous studies showed immature colon carcinoma transcript 1 is closely related to tumorigenesis of human cancer cells. In the present study, we found immature colon carcinoma transcript 1 was overexpressed in lung cancer tissues using Oncomine database mining, and the biological effect of immature colon carcinoma transcript 1 was investigated in non-small cell lung cancer cell lines 95D and A549. Lentivirus-mediated RNA interference was used to knock down immature colon carcinoma transcript 1 expression in 95D and A549 cells in vitro, and the knockdown efficiency was determined using quantitative real-time polymerase chain reaction and Western blot assay. Knockdown of immature colon carcinoma transcript 1 significantly suppressed non-small cell lung cancer cell proliferation and colony formation ability confirmed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide and colony formation assay. Flow cytometry was applied to measure cell cycle arrest, and the result showed the cell cycle arrested in G 2 /M phase in 95D cells and arrested in G 0 /G 1 phase in A549 cells. Furthermore, we measured the levels of cell cycle-associated proteins by Western blot analysis and found immature colon carcinoma transcript 1-mediated cell proliferation inhibition appeared due to downregulation of cell cycle activator cyclin D1 and upregulation of cell cycle inhibitor p21. In addition, immature colon carcinoma transcript 1 silencing significantly induced nonsmall cell lung cancer cell apoptosis by annexin V/7-amino-actinomycin D double-staining assay. All our data suggest that immature colon carcinoma transcript 1 may play an important role for non-small cell lung cancer cell proliferation and could be a potential molecular target for diagnosing and treating human non-small cell lung cancer.
Introduction
Lung cancer (LC) is one of the most frequently diagnosed cancer and a leading cause of tumor-related death worldwide. 1, 2 Clinically, LC is divided into 2 major histologic categories, including small-cell lung cancer and non-small cell lung cancer (NSCLC). 3 Non-small cell lung cancer, as locally advanced disease, could account for 80% of LC cases with 15% survival rate for 5 years, despite improvements in surgery and chemotherapy. 4 The conventional chemotherapy has made NSCLC generate drug resistance. Recently, gene therapy methods have been widely evaluated in clinical trials and considered as potential value for the treatment of cancer. 5 Therefore, it may bring better outcome for LC to identify novel genes along with the conventional therapies.
Immature colon carcinoma transcript 1 (ICT1) is an essential mitochondrial protein and an integral component of the human mitoribosome. 6 Richter et al has reported ICT1 might be essential for hydrolysis of prematurely terminated peptidyltRNA moieties in mitoribosome. 6 The ICT1 knockdown decreased cytochrome c oxidase activity by 35% and suppressed mitochondrial membrane potential and mass, 7 which suggested ICT1 is indispensable to mitochondrial activities. In addition, ICT1 is essential for cell vitality. Increasing evidence show ICT1 knockdown significantly inhibits cell proliferation in prostate cancer 8 and glioblastoma multiforme (GBM). 9 ICT1 has been identified as a hug gene for LC and guessed to play an important role in the progression of LC. 10 However, its role in LC has not been further investigated.
Recently, RNA interference (RNAi) has been widely thought as a powerful tool, which was used to study the target genes involved in cancer progression. To explore the biological effect of ICT1 in LC, the expression ICT1 was successfully silenced in the NSCLC cell lines 95D and A549 using RNAi technology. What's more, the biological effect of ICT1 knockdown was evaluated via cell proliferation, colony formation, cell cycle analysis, and cell apoptosis, as well as underlying molecular mechanism.
Materials and Methods

Data Mining and Oncomine Analysis
Publicly online Oncomine cancer microarray database (www.on comine.com) was used to explore the expression levels of ICT1 in LC tissues. 11 The ICT1 differential expressions between LC and normal lung specimens were digged from 8 different databases including Bhattacharjee Lung, 12 Landi Lung, 13 Beer Lung, 14 Stearman Lung, 15 Su Lung, 16 Hou Lung, 17 Selamat Lung, 18 and Okayama Lung. 19 The ICT1 expression levels between LC and normal tissues were compared as previously described. 20 
Cell Lines and Cell Culture
Human LC cell lines 95D, A549, H1299, H460, SPC-A-1 and human embryonic kidney cells 293T (HEK293T) were provided by the Cell Bank of Chinese Academy of Science (Shanghai, China). The 95D, H1299, H460, and SPC-A-1 cells were maintained in RPMI-1640 (Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS, Biowest, Loire Valley, France). A549 and HEK293T cells were cultured in Dulbecco modified eagle medium (DMEM; Hyclone, Logan, UT, USA) plus 10% FBS. These cell lines were incubated in a humidified atmosphere containing 5% CO 2.
Lentivirus Packaging and Transduction
Two short hairpin RNA (shRNA) sequences targeting human ICT1 gene (NM_001146108.1) were designed as follows: 5 0 -GCTGTTAATGCTTGTCTATAACTCGAGTTATAGA CAAGCATTAACAGCTTTTTT-3 0 (S1) and 5 0 -GCAGA ATGTGAACAAAGTGAACTCGAGTTCACTTTGTTCA CATTCTGCTTTTTT-3 0 (S2). A scrambled shRNA sequence (5 0 -GATCCTTCTCCGAACGTGTCACGTCTCGAGACG ACGCACTGGCGGAGAATTTTTG-3 0 ) was used as a negative control (NC). Then, the shRNAs were inserted into the pFH-L lentiviral vector containing a green fluorescence protein (GFP) reporter (Shanghai Hollybio, China) between NheI and PacI restriction sites and then confirmed by DNA sequencing. The constructed lentiviral vector plasmids were named as pFH-LshICT1(S1), pFH-L-shICT1(S2), or pFH-L-NC. Before transfection, HEK293T cells were inoculated in 10-cm cell culture dishes and cultured for 24 hours to reach 70% to 80% cell density. Two hours before transfection, the medium was replaced by the basic medium (without serum and antibiotics). Subsequently, 10 mg constructed plasmid (pFH-L-shICT1 or pFH-L-NC), helper plasmids 7.5 mg pCMVDR8.92, and 5 mg pVSVG-I (Shanghai Hollybio) were mixed with the corresponding volume of serum-free DMEM. After incubated for 5 minutes, 50 mL of Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) was added into the aforementioned mixture according to the manufacturer's instructions. HEK293T cells were cocultured with the transfection mixture for 6 hours and replaced the medium by the DMEM medium with 10% FBS. Two days after transfection, the supernatant was collected, centrifuged for 10 minutes (4000g, 4 C), and filtered through a 0.45-mm cellulose acetate filter to obtain the lentiviral particles. The recombinant lentivirus was stored at À80 C. The 95D cells (80 000 cells/well) and A549 cells (50 000 cells/ well) were dispensed into 6-well plates and transduced with shRNA-expressing lentivirus with a multiplicity of infection of 6 for 95D cells and 20 for A549 cells, respectively. Infection efficiency was measured by counting the numbers of GFP-positive cells under fluorescence microscope at 96 hours after infection.
Knockdown Efficiency Determination by Quantitative Real-Time Polymerase Chain Reaction
The 95D and A549 cells were divided into 3 groups including NC cells, shICT1(S1), and shICT1(S2). All cells were harvested after lentivirus transduction for 5 days and then extracted total cellular RNA using TRIzol reagent (Life technologies, Carlsbad, CA, USA), according the manufacturer's instructions. Complementary DNA (cDNA) was synthesized from obtained RNA (2 mg) using M-MLV reverse transcriptase kit (Promega, Madison, WI, USA), of which the Oligo (dT) 18 C for 5 seconds, and extension at 60 C for 20 seconds. The absorbance values were read at the extension stage and used to analyze the relative quantitation of ICT1 between C(T) of actin and C(T) of ICT1 using 2
ÀDDCt formula. 21 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) for Cell Viability Analysis
To evaluate the effect of ICT1 on 95D and A549 cell viability, MTT assay was performed in 95D and A549 cells from different groups (NC, shICT1[S1], and shICT1[S2]), according to the previous report. 22 Briefly, cells were plated in 96-well plates at a density of 3500 cells/well in 95D and 2000 cells/well in A549. Then, 20 mL MTT solution was added into each well at different time points (1, 2, 3, 4, and 5 days) after incubation and then incubated for 4 hours at 37 C. Afterward, each well was added 100 mL acidic isopropanol (5% isopropanol, 10% sodium dodecyl sulfate [SDS], and 0.01 mol/L HCl) and then incubated for overnight at 37 C. The absorbance of each plate was measured with an enzyme-linked immunosorbent assay reader (Bio-Rad, Hercules, CA, USA) at a wavelength of 595 nm.
Colony Formation Assay
To determine cell growth, the colony formation analysis was performed on 95D and A549 cells from different groups (NC, shICT1[S1], and shICT1[S2]). Briefly, lentiviral-infected cells were seeded in 6-well plate at a density of 400 cells/well in 95D and A549. Eight days after culture, cells were fixed with 4% paraformaldehyde and then stained with crystal violet as described in previous report. 23 The number of colonies (more than 50 cells) was counted under the fluorescence microscope.
Cell Cycle Analysis
To evaluate the effect of ICT1 on cell cycle progression, flow cytometry assay was performed in 95D and A549 cells from 2 groups (NC and shICT1[S1]) after lentivirus transduction for 5 days. Briefly, 95D and A549 cells were seeded into 6-cm dishes at a density of 80 000 cells/dish and then cultured for 5 days to reach 80% confluence. Afterward, cells were collected, fixed in precold 70% ethanol, and then digested with RNase. The cells were stained with propidium iodide (PI) and analyzed cell cycle distribution using a flow cytometer (FACSCalibur; BD Biosciences, San Jose, CA, USA).
Protein Extraction and Western Blot
After lentivirus transduction for 5 days, 95D and A549 cells were harvested and lysed in 2Â SDS sample buffer (10 mmol/L EDTA, 100 mmol/L Tris-HCl [pH 6.8], 4% SDS, and 10% glycine). The concentration of total protein was determined by the bicinchoninic acid assay. Quantitative 30 mg proteins were separated by polyacrylamide-SDS electrophoresis for 3 hours at 60 V and then transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5% nonfat milk in Tris-buffered saline with 0.05% Tween for 1 hour at room temperature and then blotted with primary antibodies, including anti-ICT1 (1:1000, #AP20382b; Abgent, San Diego, CA, USA), anti-p21 (1:1000, #2947; Cell signaling, Danvers, MA, USA), anti-cyclin D1 (1:1000, 60186-1-1g; Proteintech, Chicago, IL, USA), and anti-glyceraldehyde 3-phosphate dehydrogenase (1:500 000, 10494-1-AP; Proteintech, Chicago, IL, USA) overnight at 4 C, followed by incubation with horseradish peroxidase-conjugated goat antirabbit (1:5000, Santa Cruz, SC-2054, Dallas, TX, USA) for 1 hour at room temperature. The enhanced chemiluminescence kit (Amersham, GE Healthcare BioSciences, Pittsburgh, PA, USA) was used to detect the blots, according to the manufacture's instruction. Glyceraldehyde 3-phosphate dehydrogenase was used as the internal standard.
Annexin V/7-amino-actinomycin D (7-AAD) DoubleStaining Analysis
To investigate the cell apoptosis, annexin V-APC/7-AAD double staining was performed. After lentivirus infection 5 days, the 95D and A549 cells from different groups (NC, shICT1[S1], and shICT1[S2]) were reseeded in 6-cm dishes at a density of 80 000 cells/dish. After 48 hours, the cells were collected and processed using annexin V-APC/7-AAD apoptosis kit (KeyGen Biotech, Nanjing, China), according to the manufacturer's instructions. Subsequently, cells were analyzed using a Cell Quest FACS system (BD Biosciences, San Jose, CA, USA).
Statistical Analysis
All data were analyzed by SPSS software version 10.0 (SPSS, Inc, Chicago, IL, USA) and presented as mean (standard deviation) (SD) of 3 independent experiments. Paired Student t test was used to compare differences between groups. Statistically significant differences were defined as P < .05.
Results
Immature Colon Carcinoma Transcript 1 mRNA Expression Was Overexpressed in LC
To investigate the expression levels of ICT1 in LC, we analyzed the Oncomine cancer microarray database. As shown in Figure 1A , Bhattacharjee Lung data set showed that ICT1 expression is significantly increased in lung adenocarcinoma (n ¼ 139, P ¼ 9.56E À4 ), small-cell lung carcinoma (n ¼ 6, P ¼ 2.90E À2 ), and squamous cell lung carcinoma (n ¼ 21,
À2 ) compared with the normal tissues and was slightly upregulated in lung carcinoid tumor (n ¼ 20). We also found that the expression level of ICT1 was also significantly 
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À9 ), and squamous cell lung carcinoma (n ¼ 27, P ¼
5.18E
À9 ) than the normal tissues in Hou Lung data set ( Figure  1B) . Furthermore, ICT1 expression in lung adenocarcinoma tissues is remarkably upregulated as shown in 6 different microarray data sets including Beer Lung (n ¼ 86,
À5 ), and Su Lung (n ¼ 27, P ¼ 1.57E À4 ), comparing with normal lung tissues ( Figure 1C-H) . The above data suggested that ICT1 might play a potential carcinogenesis in LC.
Immature Colon Carcinoma Transcript 1 Is Widely Expressed in Human LC Cell Lines
To study the function of ICT1 in human LC, we first examined the expression levels of ICT1 in 5 LC cell lines 95D, A549, H1299, H460, and SPC-A-1 by quantitative real-time polymerase chain reaction (qRT-PCR) analysis. As shown in Figure  2A , ICT1 mRNA was expressed in all 5 cell lines, and the higher transcription levels of ICT1 were found in NSCLC cell lines 95D and A549 than that in the other 3 cell lines. Therefore, we chose 95D and A549 cells as the target cells for the following ICT1 biological effect study.
Knockdown of ICT1 Expression in NSCLC Cells
To investigate the role of ICT1 in LC, the expression of ICT1 was specifically silenced in NSCLC cell line 95D and A549 via lentivirus-mediated RNAi. As shown in Figure 2B , more than 80% cells expressed GFP in NC, shICT1(S1), and shICT1(S2) groups in both 95D and A549 cells, suggesting a satisfactory infection rate. Knockdown efficiency was further evaluated by qRT-PCR and Western blot analysis. The result ( Figure 2C, D) showed that ICT1 expression on both of mRNA and protein levels was significantly decreased in 2 shICT1(S1) and shICT1(S2) groups compared with that in the NC group in 95D (P < .01) and A549 cells (P < .001). The inhibition rate was 98.2% and 88.9% in shICT1(S1) and shICT1(S2) groups in 95D cells and was 99.1% and 92.6% in shICT1(S1) and shICT1(S2) groups in A549 cells by qRT-PCR, respectively.
Effect of ICT1 Knockdown on Cell Growth
To confirm whether ICT1 was related to 95D and A549 cell proliferation, the effects of ICT1 knockdown on cell growth were assessed using MTT analysis. As depicted in Figure 3A and B, the growth rate of 95D and A549 cells transduced with shICT1 was significantly inhibited in a time-dependent manner (P < .001). The number of shICT1(S1)-and shICT1(S2)-infected 95D cells was reduced by 81% and 56%, respectively. And the number of A549 cells was reduced by 50% and 37% in shICT1(S1) and shICT1(S2) groups, respectively. Furthermore, the effect of ICT1 knockdown on colony formation of 95D and A549 cells was determined by crystal violet staining. As shown in Figure 3C , both the size and the number of shICT1-infected cells exhibited a significant decrease in the colony formation ability of the 95D and A549 cells. Statistical analysis showed the number of colonies in shICT1(S1) and shICT1(S2) groups were markedly fewer compared with those in the NC group in both 95D and A549 cells (P < .001; Figure 3D ).
Knockdown of ICT1 Arrested Cell Cycle Progression
To explain the underlying mechanisms of inhibition of cell growth, flow cytometry with PI staining was used to analyze phases of cell cycle of 95D and A549 cells infected with shICT1(S1). As shown in Figure 4A , the percentage of cells in G0/G1 phase was decreased from 49.04% + 0.17% in shCon-infected 95D cells to 29.65% + 0.20% in shICT1(S1) 95D cells, whereas that in G 2 /M phase was increased from 8.53% + 0.24% in shCon-infected 95D cells to 31.98% + 0.49% in shICT1(S1)-infected 95D cells. Moreover, compared to the NC group, the cell percentage in shICT1(S1)-infected A549 cells was increased in G 0 /G 1 phase (67.83% + 0.10% vs 61.78% + 0.64%) and G 2 /M phase (13.82% + 0.31% vs 11.25% + 0.60%), whereas decreased in S phase (18.35% + 0.31% vs 26.97% + 0.60%; Figure 4B ). In addition, 0.14% + 0.03% cells were detected at sub-G1 phase in shICT1(S1)-infected 95D cells, much higher than those in NC-infected cells (0.06% + 0.03%). And we also found the cell population in sub-G1 phase (0.38% + 0.18%) was increased in the shICT1(S1) group in comparison with the NC group (0.11 + 0.09%) in A549 cells. These results suggested ICT1 knockdown could inhibit NSCLC cell growth by inducing cell cycle arrest and might induced early cell apoptosis.
Knockdown of ICT1 Altered the Expression of G 0 /G 1 -Related Cell Cycle Regulators
To investigate the cause of cell cycle progression arrest, we determined the expression of cell cycle inhibitor p21 and cell cycle activator cyclin D1 using Western blot analysis. As shown in Figure 3B , the protein expression of p21 was remarkably upregulated in shICT1(S1)-infected 95D cells compared with that in NC-infected 95D cells. What's more, the protein expression of cyclin D1 was obviously downregulated in shICT1(S1)-infected 95D cells compared with that in NC-infected 95D cells.
Knockdown of ICT1 Induces Cell Apoptosis in NSCLC Cells
To further confirm the effect of ICT1 silencing on cell apoptosis, we applied annexin V-APC/7-AAD double staining in 95D and A549 cells infected with NC, shICT1(S1), and shICT1(S2) groups. As shown in Figure 5A and B, the percentage of early apoptotic cells was increased from 8.10% + 0.35% to 15.27% + 0.85% in shICT1(S1) group and from 8.10% + 0.35% to 10.70% + 0.10% in shICT1(S2) group in 95D cells in comparison with that in the NC group. Likewise, compared with the NC group, the percentage of late apoptotic cells in 95D cells was increased from 10.13% + 1.59% to 28.90% + 2.62% in shICT1(S1) group and from 10.13% + 1.59% to 16.70% + 0.95% in the shICT1(S2) group. Similar to the results in 95D cells, the cell percentage of apoptosis was observed a significant increase in the shICT1(S1) group (early apoptosis: 2.44% + 0.33% vs 0.45% + 0.12%, late apoptosis: 0.11% + 0.07% vs 0.00% + 0.01%) and shICT1(S2) group (early apoptosis: 5.31 + 0.31% vs 0.45 + 0.12%, late apoptosis: 1.09 + 0.24% vs 0.00 + 0.01%) compared with those in the NC group in A549 cells ( Figure 5C and D) . The aforementioned results suggested that ICT1 gene silencing could induce a strong apoptotic effect in human NSCLC cells.
Discussion
Non-small cell lung cancer is the major type of LC, with less than 15% survival rate for 5 years. Emerging evidence have suggested that some functional molecules have been thought as promising biomarkers for the diagnosis and treatment of patients with NSCLC, which are involved in cell proliferation and cell cycle control. 24 Immature colon carcinoma transcript 1 has been found to be overexpressed in various kinds of cancer cells. 7, 25 Network analysis of gene expression by Huang et al shows that ICT1 is a potential biomarker for LC. 10 However, the role of ICT1 in NSCLC cells remains unclear.
RNA interference has been used as a hopeful therapeutic tool for eliminating cancer-related genes. However, the administration of siRNA often has poor stability, low transfection efficiency, and poor tissue penetration. 26 Therefore, it is important to determine which method is the most efficient and straightforward delivery strategy of the siRNA. Lentiviralmediated expression systems have been confirmed that it could encode siRNA as a common means of supplying long-term gene silencing. 27 Moreover, lentivirus-mediated RNAi used to silence ICT1 expression has been regarded as an underlying therapeutic method for human glioblastoma therapy. 9 In this study, ICT1 was identified as a specific molecule that could drive NSCLC progression using lentivirus-mediated RNAi technology. Knockdown of ICT1 significantly suppressed cell viability and colony formation ability of 95D and A549 cells, which suggested ICT1 was an indispensable factor for cell proliferation in NSCLC. As our best knowledge, human mitochondria are ubiquitous organelles essential for cell viability and its dysfunction results in cell proliferation inhibition and apoptosis. 28 Immature colon carcinoma transcript 1 is an essential mitochondrial protein and its knockdown may result in a decrease in mitochondrial protein synthesis leading to suppress cell viability. 6, 7 In accordance with our study, cell proliferation and colony formation ability were remarkably inhibited in prostate cancer and GBM cells after ICT1 knockdown. 8, 9 To further uncover the causes of ICT1 on cell proliferation, the percentage of cells in cell cycle distribution was analyzed in 95D and A549 cells after ICT1 knockdown using flow The 95D and A549 cells were infected with negative control (NC) or shICT1(S1) group for 5 days, and the cell cycle distribution was measured using propidium iodide (PI) staining and flow cytometry analysis. C, The expression of downstream proteins, including cyclin D1 and p21, were assayed by Western blot after infection with NC or shICT1(S1) for 5 days.
cytometry. Our results showed ICT1 silencing arrested cell cycle at G2/M phase in 95D cells while at G 0 /G 1 phase in A549 cells. The difference may be due to the different cell derivation that 95D cells belong to high spontaneous metastasis of LC cells, 29 whereas A549 cells is from a 58-year-old Caucasian male, which could synthesize lecithin with a high content of unsaturated fatty acid. 30 In addition, we found knockdown of ICT1 suppressed the expression of cyclin D1 and increased the expression of p21. Cyclin D1, as a member of the cyclin D, plays a key role in promoting cell cycle and presents upregulation in a variety of tumor tissues. 31, 32 Cyclin D1 also regulates the G 1 /S phase transition of the cell cycle and is essential for the initiation of mitosis. 33 In our study, the expression of cyclin D1 was decreased in ICT1 knockdown cells, which suggested that ICT1 knockdown-arrested cell cycle may be partly through the suppression of cyclin D1. As G1 phase regulator, p21 has been demonstrated to be a cell cycle inhibitor. 34 Combined with the above analysis, we could infer p21 presented upregulation along with downregulation of cyclin D1 in blocking cell cycle. Furthermore, we found more cells accumulated in sub-G 1 phase, which is usually considered to be the result of apoptotic DNA fragmentation. We may conclude that knockdown of ICT1 induced mitochondrialrelated apoptosis leading to cell growth inhibition and early apoptosis. In accordance with the result of sub-G 1 phase, annexin V/7-AAD double staining analysis indicated that ICT1 silencing could promote NSCLC cell apoptosis. These data are supported by the report of Handa et al. 7 Further research is needed to explore the further molecular mechanism of ICT1 in LC. In addition, other limitations that are presented in this study such as absence of ICT1 overexpression and without in vivo animal experiments remain to be determined in further research.
In summary, our preliminary study reveals the important role of ICT1 in NSCLC cells that knockdown of ICT1 significantly suppressed cell proliferation, arrested cell cycle though altering expression cell cycle regulators, and promoted cell apoptosis. Immature colon carcinoma transcript 1 may be a critical molecule in the occurrence of NSCLC, and it will be valuable to further investigate the potential application of ICT1 targeted therapy in more preclinical and clinical NSCLC studies. Figure 5 . Knockdown of immature colon carcinoma transcript 1 (ICT1) promoted cell apoptosis in non-small cell lung cancer (NSCLC) cells. A and B, Flow cytometry was used to evaluated apoptotic cells. The 95D and A549 cells were infected with NC, shICT1(S1), and shICT1(S2) groups for 5 days, and the cell apoptosis was measured using annexin V-APC/7-AAD double staining. C and D, Statistic analysis of early and late apoptotic cells in NSCLC cells. **P < .01; ***P < .001.
